A balanced microstrip quad-band bandpass filter (BPF) employing balanced microstrip/slotline (MS) transition structures and two pairs of folded asymmetric short stub-loaded resonators (ASSLRs) is presented in this paper. The center frequencies of the four differential-mode (DM) passbands can be controlled by changing the electrical length ratio of each ASSLR. Meanwhile, the fractional bandwidths (FBWs) can be adjusted by controlling the coupling gaps between the resonators and interdigital coupled line. High selectivity of the four DM passbands is achieved by introducing eight transmission zeros (TZs). Moreover, the DM passbands are independent from the common-mode (CM) responses, which significantly simplifies the design procedure. In order to validate the design strategies, a balanced quad-band BPF centered at 2.54/ 3.46/ 4.5/ 5.2 GHz was fabricated and a good agreement between the simulated and measured results is observed.
I. INTRODUCTION
Recently, developments in microwave multi-band bandpass filters (BPFs) have become a research hotspot for wireless communication technologies [1] - [6] , such as the applications of Global System for Mobile Communications (GSM), Global Positioning System (GPS), digital cellular system (DCS) and Wireless Medical Telemetry Service (WMTS). In [1] , a compact tri-band bandpass filter using input/output cross coupling was proposed. Four transmission zeros are used to realize high selectivity for the passbands. In [2] , a multiple stub loaded ring resonator (MSLRR) was proposed to design directly coupled multi-band bandpass filters (BPFs) with mixed electric and magnetic coupling (MEMC). In [3] , a new class of multi-stub loaded resonators with flexibly controlled resonance modes was proposed, which is suitable for both tunable and nontunable filter applications. Furthermore, compared with the conventional singleended circuits, balanced ones have attracted tremendous attentions due to their high immunity to the environmental The associate editor coordinating the review of this manuscript and approving it for publication was Mohamed Kheir . noise and interference [7] - [11] . In [8] , a novel multi-stub resonator was utilized to design a tri-band balanced BPF. The extra stub-stub couplings were introduced to help to obtain controllable bandwidths. In [9] , coupled stepped-impedance resonators were used to form a dual-band BPF. An improved design for higher common-mode (CM) suppression level was realized by adding two open stubs. However, to authors' best knowledge, there is only few published works focused on quad-band differential filters [12] . In [12] , the frequencies and bandwidths of the proposed balanced quad-band BPF can be independently controlled. However, the measured insertion losses at higher differential-mode (DM) passbands are large and the selectivity can be improved further.
In this paper, two sets of folded asymmetric short stubloaded resonators (ASSLRs) are utilized to realize a balanced quad-band BPF operating at 2.5/ 3.5/ 4.5/ 5.2 GHz, respectively, for combination of Radio-Frequency Identification (RFID), Wireless Local Area Network (WLAN) and Worldwide Interoperability for Microwave Access (WiMAX) applications. The center frequencies and fractional bandwidths (FBWs) of the four DM passbands can be easily controlled by changing the electrical length ratio of each 4, L s3 = 3.5, L s4 = 5.9, L s5 = 9.5, g 1 = 0.8, g 2 = 0.13, g 3 = 0.25, g 4 = 0.3, g 5 = 0.55, g 6 = 2.3, g 7 = 0.12, g 8 = 0.12, W 1 = 1.2, W 2 = 1.1, W 3 = 0.4, W 4 = 0.8, W 5 = 0.36, W m1 = 0.9, W m2 = 2, W i 1 = 2.5, W i 2 = 4, W i 3 = 2.5, W i 4 = 2.5, W s1 = 6, W s2 = 0.6, W s3 = 0.2, W s4 = 1, W s5 = 0.4, all are in millimeter.) ASSLR and the gap between resonators and interdigital coupled line, respectively. Meanwhile, a pair of U-type balanced microstrip-slotline (MS) transition structures is introduced to achieve an independent CM response with a larger bandwidth and a superior suppression. In addition, eight transmission zeros (TZs) are generated to improve the selectivity greatly. The proposed BPF are designed on the substrate Rogers 5880 with a relative dielectric constant of 2.2, thickness of 0.8 mm and a loss tangent of 0.0009. Based on the above structure, a balanced quad-band BPF is designed and fabricated. The measured results agree well with the simulated ones.
II. BALANCED QUAD-BAND BPF
As shown in Fig. 1 , the proposed filter is composed of two sets of ASSLRs, a pair of balanced MS transition structures and an interdigital coupled line loaded between L-shaped microstrip lines. For the four DM passbands, the first and the third ones are generated by R 1 (resonator 1, as shown in Fig 1 (a) , the same below) and R 2 , and the second and the fourth ones are produced by R 3 and R 4 , respectively. Meanwhile, the proposed BPF is feed by balanced MS transition structures, which comprise a U-type microstrip feedline and a stepped-impedance slotline resonator. The steppedimpedance slotline resonator is etched on the bottom layer of the substrate and is crossed with the U-type microstrip line on the top layer of the substrate vertically. What's more, the slotline resonator extends about a quarter of wavelength beyond the U-type microstrip feedline to couple with each other. Fig. 1 (b) shows the coupling topology of the DM equivalent circuit, where the nodes N and N represent the non-resonant slotlines and the nodes M and M represent the L-shaped microstrip lines. It is also noted that the solid lines represent the mainline coupling and the dotted lines represent the slotline coupling and capacitive source-load coupling.
A. ASYMMETRIC SHORT STUB-LOADED RESONATOR
The first step conducts a resonant-mode analysis for the ASSLR. Fig. 2 (a) shows the structure of the symmetric short stub-loaded resonator, Z represents the characteristic impedance and L is the stub length. The even and odd mode equivalent circuits are shown in Fig. 2 (b) and (c), which indicate that the even mode controls the lower center frequency while the odd mode produces the higher center frequency. In Fig. 2 (d) , L d expresses the displacement of the asymmetric stub from the center. In order to reduce the circuit size, ASSLR is folded into a ring shape. For simplicity here, we set Z 0 = 2Z b , then the even and odd mode resonant frequencies are shown as follows [13] :
where c denotes the light speed in free space, ε eff is the effective dielectric constant of the substrate. In this design, the resonators are not exactly symmetric structures to introduce additional resonance modes. However, when the displacement is small enough for the whole structure, the resonant conditions (1) and (2) are still applicable to the approximate analysis. In this case, L b is approximately equal to L b + L d . Fig. 2 (e) gives the equivalent circuit of the proposed ASSLR. The electrical lengths are respectively defined as θ l1 , θ l2 , θ s1 , θ s2 and θ b , along with the characteristic admittance is Y.
According to the transmission line theory, the input admittance for the ASSLR is given by [14] 
where
The various resonant modes of the ASSLR are generated when the input admittance is equal to zero. Therefore, the resonant condition of the ASSLR is obtained as follows:
Based on the above structure, α and β are defined as follows:
where α is determined as the ratio of the shorter section to the total length of the half-wavelength resonator, β is defined in accordance with the ratio of loaded short stub to the total length of the half-wavelength resonator and θ T = θ l1 + θ l2 + θ s1 +θ s2 . Thus, the resonant condition can be further rewritten as
Based on above analyses, the fundamental resonant frequency and the first spurious frequencies of ASSLR can be controlled by appropriately changing the electrical length ratios α and β. As shown in Fig. 3 , when α increases, f o1 (fundamental frequency of ASSLR) and f o2 (second frequency of ASSLR) decrease together. Meanwhile, f o1 varies significantly with β while f o2 remains almost the same. Thus, the desired frequencies can be obtained by choosing the length ratios of ASSLR 1 (R 1 and R 2 ) and ASSLR 2 (R 3 and R 4 ), respectively, which are equal to adjusting the physical lengths of L 1 , L 5 , L 3 and L 6 . Fig. 4 displays the frequency response curve of ASSLR. In the weak coupling case (g c = 0.5mm), three resonant frequencies f R1 (first resonant frequency, the same below), f R2 and f R3 are located at 2.7, 4.2, 8.4 GHz, respectively. Two TZs are gener{ated on the left side of f R1 and the right side of f R2 , respectively, which are generated by the intrinsic properties of ASSLR. What's more, it is noteworthy that ASSLR can produce one more TZ than asymmetric open stub-loaded resonators, which contributes to a higher selectivity [15] .
B. CM SUPPRESSION AND DM RESPONSE
The electric field in balanced MS transition structures under DM and CM operation is shown in Fig. 5 , respectively, where M-M' is the symmetry plane of the MS transition structure. When the balanced ports are under the DM operations, a virtual electrical wall can be obtained at the symmetric plane M-M', as shown in Fig. 5(a) . Through strong magnetic coupling, the DM signals along the U-type microstrip line can be converted successfully into the slotline mode and the signals can be split into two parts with identical magnitude and opposite phase. On the other hand, when the circuit is under CM signal excitation, a virtual magnetic wall at M-M' plane is formed, as shown in Fig. 5(b) . Due to the magnetic wall perpendicular to the electric field of the slotline mode, which conflicts with the magnetic wall's boundary condition, the slotline will no longer support the transmission of CM signals. In this case, the CM signals will be terminated in the slotline and totally reflected. Since the termination property of the balanced MS transition structures on CM signals is depended on its own boundary conditions and independence of frequency, the CM suppression is wideband [16] . Therefore, the key of this paper turns to focus on the design of the DM passbands, which significantly simplifies the design procedure.
The proposed two pairs of ASSLRs are coupled together to form the four DM passbands. BPFs' coupling coefficient (K ), which describes the coupling strength of two resonators, is defined as [17] 
where f H and f L are respectively represented as the higher and lower resonant frequencies of the coupled resonators at every single band. In the case where the passband frequency is determined, the coupling coefficient K 1 at 2.5 GHz and K 3 at 4.5 GHz are simultaneously controlled by the coupled length L 2 and coupled spacing g 1 . Similarly, desirable K 2 at 3.5 GHz and K 4 at 5.2 GHz can be achieved by properly tuning L 4 and g 4 . As shown in Fig. 6 (a) , the reduced coupling gap g 1 causes larger coupling coefficients K 1 and K 3 , while K 2 and K 4 keep unchanged. As shown in Fig. 6 (b) , the reduced coupling gap g 4 results in larger coupling coefficients K 2 and K 4 , while K 1 and K 3 are basically unaffected. What's more, as shown in Fig. 7 , Q 1 (quality factor of the first DM passband) and Q 2 can be independently controlled by g 2 and g 3 , respectively. In addition, a tight coupling is achieved by employing the interdigital coupled line, which can improve the out-of-band performance without affecting in-band properties. Fig. 8 displays the S-parameters with different physical length of the interdigital coupled line (L 7 ), which obviously indicates that a short interdigital coupled line can attain a better out-of-band suppression.
C. BALANCED BPF DESIGN
For the four DM passbands, f 1 (center frequency of the first DM passband, the same definition as below) and f 3 are generated by employing R 1 and R 2 while f 2 and f 4 are produced by employing R 3 and R 4 . As analyzed in section A, the upper resonant frequency f odd for f 3 (4.5 GHz) is determined by the length of the half-wavelength resonator L 0 .
Then f even for f 1 (2.5 GHz) is further controlled by tuning In addition, the resonant frequency of ASSLR can be controlled by appropriately changing the electrical length ratio α and β, which is equal to adjusting the physical length of L 1 , L 5 , L 3 and L 6 . Fig. 9 presents the variation of the four DM center frequencies versus the parameters L 3 , L 6 , L 1 and L 5 , separately. Evidently, f 1 is controlled by the length of short-stub L 3 while f 3 can be determined independently by L 1 . In the same way, f 2 is controlled by the length of short-stub L 6 while f 4 can be determined independently by L 5 . Thus, independent control of all the DM passbands is achieved. In addition, as analyzed in section B, a reduced coupling gap g 1 and g 4 causes larger coupling coefficient (K ), which achieving a wider fractional bandwidth (FBW) [18] . What's more, all the resonators are fed by the interdigital coupled line, thus FBWs are also determined by the coupling gap g 2 and g 3 . It can be observed from Fig. 10(a) and (b) that FBW 1 (fractional bandwidth of the first DM passband, the same below) and FBW 2 are independently controlled by g 2 and g 3 , respectively. Moreover, as shown in Fig. 10(c) , FBW 1 and FBW 3 vary with the coupling distance g 1 , under the premise that FBW 1 can be controlled separately, quasi-independent control of FBW 3 is achieved. Similarly, quasi-independent control of FBW 4 is also achieved by simultaneously changing g 3 and g 4 . Meanwhile, eight TZs are obtained around the four DM passbands to improve the selectivity appreciably. As shown in Fig. 1 (b) , since the proposed interdigital coupled line added three transmission paths, M-M', M-R1-R2-M' and M-R3-R4-M', TZ 5 andTZ 7 are realized by the parallel coupling. TZ 1 is generated by the source-load cross coupling, which is achieved by using the two L-shaped slotline resonators, and the position of TZ 1 is determined by the coupling strength between the two L-shaped slotline resonators. TZ 3 is generated by the cross coupling between the L-shaped microstrip lines. Furthermore, TZ 2 ,TZ 4 , TZ 6 ,TZ 8 are gained due to the intrinsic characteristics of the ASSLRs, which is analyzed in section A. Fig. 11 displays the current distributions of the two pairs of ASSLRs at 2.54 GHz, 3.46 GHz, 4.50 GHz and 5.19 GHz, respectively, which are simulated in HFSS 13.0. It's obviously that the currents in two ASSLRs at 2.54 GHz and 3.46 GHz are much stronger in each short stub while those at 4.50 GHz and 5.19 GHz, and the current is mainly distributed on each folded half wavelength resonator.
III. EXPERIMENTAL RESULTS AND DISCUSSION
In order to verify the feasibility of the proposed design method, a quad-band balanced BPF is fabricated. Fig. 12 presents photographs of the fabricated BPF, and the size is about 50.1 mm × 34.9mm or 0.59 λ g × 0.42λ g , where λ g is the guide wavelength at 2.54 GHz. Fig. 13 illustrates the simulated/measured transmission and reflection coefficients of the quad-band filter while the simulation and measurement were accomplished by using HFSS 13.0 and an Agilent Network Analyzer N5230A, respectively. The measured center frequencies are at 2.54/ 3.46/ 4.5/ 5.2 GHz while the minimum insertion losses are 1.58/ 1.78/ 2.23/ 2.45 dB, separately. The 3 dB fractional bandwidths are 6.45%, 5.68%, 3.93% and 4.91%. Moreover, the return losses are better than 14.2 dB in each of the four DM passband while the CM suppression is better than 41 dB within all DM passbands. The upper DM stopband of the dual-band BPF stretches up to 2.44f 1 (|Sdd dd 21 | < 10dB, f 1 is the center frequency of the first DM passband). Eight TZs are generated and located at 2.19, 2.42, 2.74, 3.3, 4.3, 4.66, 5.02 and 5.67 GHz, resulting in higher selectivity. Table 1 compares the performance of the proposed BPF with other reported balanced tri/quad-band ones. It can be seen that the proposed BPF outperforms the others in terms of the DM/CM responses and insertion losses.
IV. CONCLUSION
In this paper, a balanced quad-band BPF has been presented based on balanced MS transition structures and two pairs of ASSLRs. For the DM operation, center frequencies and FBWs of all the DM passbands can be controlled by appropriately changing the electrical length ratio α and β of ASSLR and the coupling gap between the resonators and interdigital coupled line, respectively. The experimental results agree well with the theoretical predictions. Due to the compact size, better DM passband performance, high CM suppression and good selectivity, the proposed balanced quad-band BPF is suitable for applications to multimode modern communication systems.
